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A B S T R A C T
In bacteria, low-copy number plasmids are faithfully segregated at cell division by active
partition systems that rely on plasmid-speciﬁc centromere sequences. When an identical
centromere is present on a second plasmid, faithful partition is impaired causing plasmid
loss. Depending on the copy number of the co-resident replicon, several mechanisms have
been proposed to account for this centromere-based plasmid incompatibility. To gain further
insights into these mechanisms, we analyzed the positioning of the F plasmid in the pres-
ence of incompatible low- and high-copy number plasmids carrying the F centromere. Our
data are fully compatible with the titration hypothesis when extra-centromeres are present
on high-copy number plasmids. Interestingly, our plasmids’ localization data revealed that
the strong incompatibility phenotype, observed when extra centromeres are present on a
partition defective low-copy number plasmid, does not directly result from a partition de-
ﬁciency as previously proposed. We provide a new and simple hypothesis for explaining
the strong incompatibility phenotype based on the timing of replication of low-copy number
plasmids.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The survival of low-copy number plasmids in bacteria
relies on faithful inheritance to daughter cells (Fig. 1A). This
is mainly ensured by ﬁnely tuned replication and partition
mechanisms (Bouet et al., 2014; del Solar et al., 1998). In
the event that plasmids residing within the same bacteria
share functional equivalents of either their replication or par-
tition machinery, eﬃciency of inheritance drastically
decreases. This phenomenon, termed plasmid incompati-
bility, has been studied for years to gain insight into the inner
workingsof theseplasmidmaintenancemechanisms (Novick,
1987).
Faithful partition of DNA is ensured by simplistic parti-
tion systems that are classiﬁed into threemain types; types
I, II and III (reviewed in Salje, 2010). Type I partition systems
are themostwidespread throughout low-copynumber plas-
mids andare theonly typepresentonbacterial chromosomes.
Type I systems are generically termed ParABS, encoding a
Walker-box ATPase, ParA, a DNA binding protein, ParB, and
a centromeric sequence, parS. A nucleoprotein structure
termed the partition complex is formed by the speciﬁc
binding of ParB to parS. ParA is involved in both the sepa-
ration of duplicated partition complexes and their proper
positioningwithin cells (reviewed in Bouet et al., 2014). The
dynamic reactions of the partition components that coop-
eratively ensure plasmid inheritance have yet to be fully
understood (Vecchiarelli et al., 2012).
The F plasmid encodes a type I partition locus, sopABC
(Ogura and Hiraga, 1983). Three forms of partition-based
incompatibility, corresponding to each of the three Sop com-
ponents, have been described (reviewed in Bouet et al.,
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2007). SopA incompatibility, termed IncI, results from an
excess of the ATPase that disrupts the organization of the
partition complex (Lemonnier et al., 2000). IncG incompat-
ibility is mediated by the centromere binding protein. An
excess of SopB initiates a DNA repair pathway involving ho-
mologous recombination and results in the formation of
plasmid dimers that, if unresolved, reduce the number of
individual F copies to be segregated (Bouet et al., 2006;
Kusukawa et al., 1987).
The centromeric sequence sopC also exerts incompati-
bility, termed IncD, when present on a co-resident, but
otherwise compatible plasmid (illustrated in Fig. 1B). Pre-
vious analyses have shown that the level of incompatibility
is mainly correlated with the copy-number of the co-
resident plasmid (Bouet et al., 2005). F plasmid loss rate rises
to that seen with a deﬁcient partition system when in the
presence of high-copy number sopC-carrying plasmids. In
contrast, plasmid incompatibility seen with low-copy
number plasmids carrying sopC does not induce a uniform
effect on plasmid loss. For instance, the presence of sopC on
a partition defective low-copy number plasmid provokes a
higher-than-random loss of the F plasmid (‘strong IncD’ phe-
notype), while the same plasmid eﬃcient in partition
induces a relatively low loss rate (Bouet et al., 2005). The
exact mechanism by which sopC imposes incompatibility
is not fully understood, and threemain hypotheses have been
proposed (Bouet et al., 2007; Ebersbach et al., 2005). One
assumes that plasmid replicons are randomly paired by their
centromeres for successive partition. Regardless if the pair
formed is homologous or heterologous (mixed pair), par-
tition continues as normal, resulting in a random loss rate
of plasmids (Austin and Nordstrom, 1990; Bouet et al., 2005).
A contradictory view suggests that incompatible plasmids
randomly position themselves in avoidance of a co-resident
plasmid containing the same partition complex (Ebersbach
et al., 2005). A third hypothesis proposes that a competi-
tion arises for centromere binding proteins in the presence
of a large excess of centromeres, which would inhibit the
assembly of a functional partition complex on the F plasmid
(Bouet et al., 2005).
Here we aimed to clarify the differences between
centromere-based incompatibilities by directly imaging the
intracellular positioning of the F plasmid. By using dual ﬂu-
orescent labeling of the mini-F in the presence of co-
resident plasmids carrying the F centromere, we were able
to visualize and distinguish the effects of sopC exerted in-
compatibility with plasmids whose copy numbers ranged
from 1.6 to ~50 per chromosome. We conﬁrmed that the
titration of centromere binding proteinsmediates IncDwhen
extra centromeres are present on high-copy number plas-
mids. In the case of low-copy number co-resident plasmids
carrying sopC, we clearly showed that Sop-mediated par-
tition is fully functional as positioning is not impaired, even
for the strong IncD phenotype. Our observations allow us
to suggest a new hypothesis accounting for the strong in-
compatibility phenotype based on the timing of replication
of low-copy number plasmids.
2. Materials and methods
2.1. Escherichia coli strains and growth conditions
All strains are derivatives of E.coli K-12 W1485, and are
listed in Table 1. Normal growth cultures were grown at 37 °C
in LB with aeration. Cultures for ﬂuorescence microscopy
experiments were grown at 30 °C in M9-glycerol (M9
minimal media supplemented with 0.4% glycerol, 0.2%
casamino acids, 0.04mgml−1 thymine, 0.2 mgml−1 leucine).
For selective bacterial growth, the following concentra-
tions of antibiotics were used (μg ml−1): chloramphenicol
(Cm, 10), spectinomycin (Sp, 20), and ampicillin (Ap, 20
and Ap, 100 for low- and high-copy number plasmids,
respectively).
2.2. Plasmid constructions
The plasmids used in this study are listed in Table 1. PCR
reactions were performed using PrimesSTARMax (Clontech)
and plasmid constructions were completed using the In-
Fusion HD Cloning System (Clontech). The mini-F, pJYB234,
A BPar-mediated
inheritance
Centromere-based incompatibility
Fig. 1. Partition-mediated incompatibility interferes with faithful inheritance of plasmids. For simplicity, in each case it is assumed that newborn cells
contained a single copy of each low-copy number plasmid. (A) Low-copy number plasmids (red circles) rely on plasmid-encoded partition systems to ensure
their faithful inheritance to daughter cells (blue oblongs). Type I partition systems are composed of three elements: two genes, parA and parB encoding
for a Walker ATPase and a centromere-binding protein, respectively, and a cis-acting centromere site, parS. (B) Proposed mechanisms for centromere-
based incompatibility depend on plasmid copy-number. (Left) For low-copy number plasmids carrying identical centromere sequences (red and green
circles), random positioning of pure plasmid clusters leads to mutual exclusion of the two distinct plasmids in a fraction of the population. (Right) For
high-copy number plasmids (green circles), titration of the ParB centromere-binding protein from the low-copy number plasmid (red circles) results in
the inability to form a fully functional partition complex, which leads to ineffective segregation and its loss in the growing population.
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was modiﬁed from pJYB214 (Sanchez et al., 2013), a
pDAG114 derivative expressing sopB-Venus, by introduc-
ing the monomeric A207K mutation in the venus-Yfp gene
(J. Rech and J.Y. Bouet, unpublished). pJYB273 was con-
structed from pJYB234 by digestion with BsiWII for the
insertion of parSpMT1 andwith SalI for the insertion of a 3.5 kb
PCR fragment ampliﬁed from the lacZ gene. Plasmid pJYB272,
producing ParBpMT1-mTurquoise2 (ParBpMT1-mTq2) under the
control of the lac promoter, was constructed using pAM238
(Bouet et al., 1996) digested by BamHI and HindIII and PCR
fragments of mTurquoise2 (Goedhart et al., 2012) and
parBpMT1. Spectinomycine resistance (aad) in pJYB272 was
replaced by ampicillin resistance (bla) to create pJYB285. Full
descriptions of plasmids are available upon request.
2.3. Epiﬂuorescence microscopy and analysis
Overnight cultureswere inoculated into freshmediawith
0, 0.3 or 3 μM IPTG and Cm 10, and allowed to grow until
an OD600 of approximately 0.3–0.4, with an average gener-
ation time of ~100 minutes. Cells were deposited directly
using 0.7 μl of culture onto slides coated with a 1% agarose
buffered in M9 solution. Samples were visualized at 30 °C
using an Eclipse TI-E/B wide ﬁeld epiﬂuorescence micro-
scope. Snapshotswere takenusing a phase contrast objective
(CFI Plan Fluor DLL 100X oil NA1.3)with Semrock ﬁlters sets
for YFP (Ex: 500BP24; DM: 520; Em: 542BP27) and Cy3
(Ex: 531BP40; DM: 562; Em: 593BP40), with a range of 0.5
to 1.5 seconds of exposure time. Nis-Elements AR software
(Nikon)was used for image capture and editing. Image anal-
ysiswasdoneusing theMATLAB-basedopen-source software
MicrobeTracker, and the SpotFinderZ tool (Sliusarenko et al.,
2011). The cells without foci were not taken into account
when calculating the number of foci per cell.
2.4. Western immunoblotting
The intracellular levels of SopA and SopB were mea-
sured from crude cell extracts using the SDS-PAGE system
of Invitrogen NuPage Novex Bis Tris Gels (LifeTechnologies),
followed by electrotransfer to nitrocellulose membranes
according to themanufacturer’s recommendations (IBlot gel,
Invitrogen). Immunodetectionwas performed using ECL sub-
strate (Bio-Rad Clarity) with anti-sera (Eurogentec) raised
against puriﬁed SopA and SopB proteins and aﬃnity-
puriﬁed using membrane-immobilized samples of these
proteins.
3. Results and discussion
3.1. Colocalization of the mini-F and SopB clusters
To directly observe the subcellular effects of centromere-
based incompatibility onmini-F positioning, we constructed
a mini-F encoding sopB-mVenus and carrying the parS se-
quence of pMT1 (parSpMT1). This plasmid, pJYB273, was fully
stable with a loss rate per generation < 0.1% (data not shown).
The expression of ParBpMT1-mTurquoise2 (ParBpMT1-mTq2)
from an IPTG-inducible promoter on a compatible vector
(pJYB272) allowed for the visualization of the mini-F po-
sitioning through the binding of ParBpMT1-mTq2 to the
parSpMT1 on pJYB273 (Fig. 2A; right panels). Foci of ParBpMT1-
mTq2 were not present in the absence of parSpMT1 (data not
shown). In addition to ParBpMT1-mTq2 (blue), SopB-mVenus
(yellow) ﬂuorescence was imaged and intense ﬂuorescent
foci were also detected (Fig. 2A; middle panels). In the vast
majority of cells, the blue and yellow foci appeared co-
localized (Fig. 2A; left panels), indicating that SopB clusters
assembled only on the sopC sequence of pJYB273, as ex-
pected. This setup therefore allows a dual labeling of the
mini-F intracellular localization.
Using MicrobeTracker (Sliusarenko et al., 2011), we au-
tomatically analyzed several hundred of DLT3165 cells for
foci positioning. In the slow growth condition used for mi-
croscopy experiments (doubling time ~100 minutes), the
average number of yellow- and blue-foci per cell were iden-
tical at 2.3, in over 799 cells. The localization patterns for
ParBpMT1-mTq2 and SopB-mVenus foci were also similar. In
cells displaying a single focus, foci are localized aroundmid-
cell (Fig. 2B; left panel), with ~82.5% and 84.3% of the blue-
and yellow-foci, respectively, localized between 0.35 and 0.5
of the cell length (Fig. 2B; right panel). Two foci-cells
Table 1
E. coli strains and plasmids.
Strains Genotype/relevant properties Source/References
DLT1215 F−, thi, leu, thyA, deoB, supE, Δ(ara-leu)7696, zac3051::Tn10, rpsL Bouet et al. (2005)
DLT3165 DLT1215/pJYB272/pJYB273 This work
DLT3197 DLT1215/pJYB273 This work
DLT3198 DLT1215/pJYB273/pJYB285 This work
DLT3248 DLT3165/pZC308 This work
DLT3249 DLT3165/pJYB57 This work
DLT3250 DLT3165/pZC302 This work
DLT3251 DLT3198/pZC328 This work
Plasmids Replicon (size) Relevant characteristics Source/References
pZC302 pBR322 (4.8 kb) bla, sopC+ (Bouet et al., 2005)
pZC308 mini-P1 (5.0 kb) bla, ΔparABS, sopC+ (Bouet et al., 2005)
pZC328 mini-P1 (8.9 kb) aadA, parABS+, sopC+ (Bouet et al., 2005)
pJYB57 pBSKS (3.5 kb) bla, sopC+ (Ah-Seng et al., 2009)
pJYB234 mini-F (10.4 kb) cam, sopA, sopB-mVenus, sopC (J. Rech and J.Y. Bouet, unpublished)
pJYB272 pSC101 (5.9 kb) aadA, parBpMT1-mTurquoise2 This work
pJYB273 mini-F (14.1 kb) cam, sopA, sopB-mVenus, sopC, lacZ, parSpMT1 This work
pJYB285 pSC101 (5.9 kb) bla, parBpMT1-mTurquoise2 This work
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displayed quarter-cell positioning (Fig. 2C). As expected, the
observed positioning pattern is typical of a partition-
proﬁcient F plasmid (Niki and Hiraga, 1997), indicating that
our reporter system is fully functional.
In order to investigate the different behaviors of
centromere-based incompatibility in regard to the copy
number of the competing plasmid, we used several vectors
carrying a full version of the sopC centromere of the F
plasmid that were previously characterized in terms of in-
compatibility (Bouet et al., 2005). Apart from the added-
sopC determinant, all plasmids were compatible with both
the mini-F and the ParBpMT1-mTq2 producer vector (pSC101
derivative) present within the cell.
3.2. Large excess of sopC mislocalizes the mini-F by titration
of SopB
To visualize the centromere-based incompatibility when
a large excess of sopC is present in the cell, we used two
high-copy number vectors. Plasmids pBR322 and pBSKS exist
at about 20 and 50 copies per chromosome (Lobner-Olesen,
1999), and their sopC-carrying derivatives, pZC302 and
pJYB57, respectively, were introduced in strain DLT3165. In
both cases, the mini-F pJYB273 lost its typical mid- or
quarter-cell positioning (Fig. 3A,B; right panels). In one focus
cells, pJYB273 was positioned randomly in the cell length
in the presence of pZC302 while it was found predomi-
nantly at the cell pole in the presence of pJYB57 (Fig. 3C;
left). Only ~42% and ~20% were present around mid-cell
(Fig. 3C; right) when excess sopC were carried by pBR322
and pBSKS, respectively. This result is in striking contrast
to control conditions (DLT3165; Fig. 2B), which displayed
82.5% of single foci at mid-cell, indicating that the higher
the excess of centromere sites, the more pJYB273 is
mislocalized toward the cell pole. In the two foci cells,
pJYB273 appeared randomly localized within the cell length
with a slight preference to the cell pole (Fig. 3D). These po-
sitioning data are in agreement with the random loss rate
observed experimentally in the presence of these vectors
(Bouet et al., 2005).
We then looked at the SopB-mVenus localization in the
presence of excess sopC (Fig. 3A,B; middle panels). In the
presence of pZC302, SopB-mVenus foci were barely de-
tected but rather we observed dispersed ﬂuorescence
patches. This default was evenmore pronounced in the pres-
ence of pJYB57, with the ﬂuorescence signal almost
completely diffused within the cell. Some cells showed no
mVenus signal as expected, with cells having lost pJYB273
(Fig. 3Biii, middle panel). Western blotting experiments in-
dicated that the intracellular level of SopB-mVenus was not
affected by the in trans excess of sopC (data not shown), as
previously observed for the autoregulated Sop promoter
(Bouet et al., 2005; Yates et al., 1999). In all cases, we did
not observe ParBpMT1-mTq2 foci with corresponding SopB-
mVenus foci (Fig. 3A; left panels), indicating that excess sopC
eﬃciently titrates SopB from pJYB273.
In slow growth condition, cells contain ~600–800 SopB
dimers (Adachi et al., 2006; Bouet et al., 2005) for about
20–30 speciﬁc binding sites on F plasmids (10 speciﬁc SopB-
binding sites per sopC centromere; Pillet et al., 2011) that
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Fig. 2. Co-localization of SopB clusters and mini-F. (A) Dual ﬂuorescence imaging of DLT3165 shows representative cells (i–iii) displaying SopB-mVenus
clusters (middle panels), mini-F (pJYB273) positioning with ParB pMT1-mTq2 labelling (right panels) and the overlay of both ﬂuorescence with phase con-
trast (left panels). Cells were grown in M9-glycerol media containing 3 μM IPTG. Scale bar: 1 μm in all images. (B and C) Statistical analyses of mVenus
clusters (yellow) and ParBpMT1-mTq2 (blue) positioning in cells containing one focus (B) and two foci (C) performed automatically using MicrobeTracker.
Over the 799 cells analyzed, 115 and 292 have one or two SopB-mVenus clusters, respectively, and 143 and 303 have one or two ParBpMT1-mTq2 foci,
respectively. B, right panel; percentage of cells with one focus located in the interval 0.35 to 0.5 relative to the cell length.
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serve as a nucleation point to cluster a large number of SopB
in partition complexes. The presence of extra sopC sites on
high-copy number vectors effectively titrated most SopB
dimers from the mini-F plasmid (Fig. 3A,B). For instance,
pJYB57, which is present at ~100 copies at cell division, adds
over an extra thousand SopB-speciﬁc binding sites and pre-
vents loading on the sopC sites of the mini-F plasmid. Our
data showed no preferential formation of a large partition
complex on the mini-F, as would have been indicated by
SopB-mVenus foci (Fig. 3A-B). This titration of SopB leads
to a random localization of the mini-F plasmid (Fig. 3C-D)
similar to that of a mini-F lacking a partition system (Gordon
et al., 2004).
3.3. Extra sopC on low-copy number vectors
We then investigated the effects of IncD incompatibili-
ty induced by low-copy number vectors using the plasmid
P1. As for the F plasmid, the P1 copy number is only one
to two per chromosome. Plasmid P1 is highly stable and
compatible with the F plasmid. They both show similar sub-
cellular locations, but no co-localization when residing in
the same cell (Ebersbach et al., 2005; Ho et al., 2002).
We ﬁrst observed the positioning of the mini-F in the
presence of a mini-P1 plasmid carrying sopC in addition to
its own partition system. It was previously shown that a
mini-P1 Par+ sopC plasmid (pZC328) induces only a slight
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Fig. 3. Titration of SopB dimers by centromere-beaing high-copy number plasmids induces mini-F mispositioning. (A and B) mini-F (pJYB273) carrying
strain DLT3165 was transformed with a pBR322 (pZC302; Ai-iii) or a pBSKS (pJYB57; Bi–iii) derivative carrying sopC. Fluorescence imaging was per-
formed as in Fig. 2. Scale bar: 1 μm in all images. (C and D) Statistical analyses of ParBpMT1-mTq2 positioning in cells containing one focus (C) and two foci
(D). C, right panel; percentage of cells with one blue focus located in the interval 0.35 to 0.5. Among the 297 cells carrying pZC302 analyzed (dark blue
bars), 48 and 39 have one or two mTq2 foci, respectively. Among the 147 cells carrying pJYB57 analyzed (light blue bars), 40 and 15 have one or two
mTq2 foci, respectively. The control experiment (gray bar) in the absence of sopC-carring competitor plasmid refers to Fig. 2B. Cells were grown in
M9-glycerol without (pZC302) or with 3 μM IPTG (pJYB57).
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defect in the stability of a co-resident mini-F plasmid (Bouet
et al., 2005). pZC328 was introduced into DLT3198 carry-
ing the mini-F plasmid, pJYB273, and the ParBpMT1-mTq2
producer, pJYB285. As above, blue foci represent the posi-
tioning of the mini-F and yellow foci correspond to the
positioning of both mini-F and mini-P1, each carrying sopC.
Both plasmids displayed a positioning pattern correspond-
ing to active partitioning, with yellow foci regularly
positioned within the cell’s length and also well posi-
tioned along the mid-line (Fig. 4A). Statistical analysis
showed that in one yellow-focus cells, ~ 83% of foci were
found near mid-cell (Fig. 4B; right), as seen in the absence
of pZC328 (Fig. 2B; right), but with a broader distribution
(compare Fig. 4B and 2B; left). In one blue-focus cells, we
observed a slight defect in the frequency of mid-cell posi-
tioning, with ~78% of foci positioned near mid-cell (Fig. 4B,
right), indicating that the positioning of pJYB273 is slightly
perturbed. In two yellow-foci cells, the localization pattern
appeared to be preferential to quarter-cell positions, dis-
playing a broader distribution than seen without pZC328
(compare Fig. 4C and 2C). These results indicate that the two
plasmids are positioned along the cell length with respect
to each other. This is clearly seen in pre-divisional cells
(Fig. 4Ai) containing two yellow foci at quarter cell posi-
tions, with only one having a corresponding blue focus
(pJYB273). pJYB273 being relocated towards quarter posi-
tions by the action of pZC328 explains why it often appears
off mid-cell when only one blue focus is detected. Our results
indicate that the positioning of the mini-F is dependent on
the positioning of themini-P1 Par+ sopC plasmid. In this con-
dition, we also observed some cells that do not have amini-F
(Fig. 4Aiii) as expected from the low loss rate observed
(Bouet et al., 2005).
Our data showing that mini-P1 Par+ sopC (pZC328) is
mainly positioned in the cell length relative to the mini-F
(pJYB273) are in agreement with the equi-positioning hy-
pothesis proposed by Ebersbach et al. (2005). However, equi-
positioning of sopC-carrying plasmids along the long axis
of the cell in a random order is expected to induce a near-
random loss rate, higher than the low loss rate previously
observed (Bouet et al., 2005). This indicates that the P1 Par
system is generally positioning themini-P1 Par+ sopC in both
sides of the cell. As a result, the mini-F positions itself
relative to partition complexes assembled on all sopC cen-
tromeres present. Accordingly, we observed the broader
distribution of the sopC-carrying plasmids (yellow foci), in-
dicating that indeed the P1 Par system interferes with the
Sopsystem.Theproper localizationactionsof the twosystems
leads to imprecisemid- andquarter-cell positioning thatmay
explain the low loss rate observed in this condition.
3.4. Partition defective mini-P1 sopC actively equi-positions
itself relative to the mini-F
In contrast to the low loss rate of the mini-F in the pres-
ence of the stable mini-P1 plasmid carrying sopC, it was
shown that a partition defective mini-P1 sopC plasmid was
lost at a higher-than-random loss rate, referred to as ‘strong
IncD’ phenotype (Bouet et al., 2005). Several explanations,
such as mixed pairing or clusters trapped in the same cell-
half (Bouet et al., 2005, 2007), have been provided to explain
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Fig. 4. Mini-F positioning in the presence of mini-P1 Par+ sopC. (A) Flu-
orescence imaging of strain DLT3251, performed and displayed as in Fig. 2,
shows themini-F positioning (blue arrows) by the ParBpMT1-mTq2 and SopB-
mVenus dual labeling, while mini-P1 Par+sopC positioning (yellow arrows)
corresponds to the yellow-only foci. B and C: Statistical analyses of SopB-
mVenus (yellow bars) and ParB pMT1-mTq2 (blue bar) foci positioning in
cells containing one focus (B) and two foci (C). B, right panel; percentage
of cells with one focus located in the interval 0.35 to 0.5 relative to the
cell length. In the absence of pZC328 (no competitor plasmid; DLT3165),
the percentage of cells with one yellow focus is indicated with a gray bar
and refers to Fig. 2B. Among the 462 cells analyzed, 35 and 181 have one
or twomVenus clusters, respectively. Cells were grown inM9-glycerol with
3 μM IPTG.
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these results. However, neither explanation would lead to
a higher-than-random loss rate. To tackle this unsolved ques-
tion, we introduced amini-P1 Δpar sopC (pZC308) into strain
DLT3165 carrying pJYB273 and a ParBpMT1-mTq2 producer
(pJYB272), and performedmicroscopy observations as above.
We found that the positioning of pJYB273 (blue only foci)
in the presence of pZC308 was similar to what was ob-
served with its Par+ counterpart pZC328 (Fig. 5A). In the
youngest cells (panel i), pJYB273 is often at a quarter-cell
position with pZC308 present on the other side. If we con-
sider the positioning of both plasmids (yellow foci), they
were mostly equi-positioned in the cell length. Cells with
three yellow foci displayed one or two blue foci (panels ii
to iv), indicating that replication and subsequent segrega-
tion of pJYB273 and pZC308 occurred in a random order
relative to each other. This is expected as replication is not
coordinated within the cell cycle for these two plasmids
(Helmstetter et al., 1997; Prentki et al., 1977). In pre-
divisional cells, the yellow foci are also equi-positioned
(panel v). However, we also observed a large number of cells
without one of the two plasmids (panels v and vi; 30% of
the 486 cells counted did not display a blue foci), in agree-
ment with the higher-than-random loss rate measured
experimentally in this condition (Bouet et al., 2005).
Our statistical analyses indicated that the two incom-
patible plasmids were positioned with a similar distribution
to that observed when the pJYB273 was un-challenged in
strain DLT3165 (Fig. 3A). In single yellow-focus cells, 81%
of the yellow foci were located at mid-cell (Fig. 3B). In two
yellow-foci cells, we observed the typical quarter-cell po-
sitioning of partition proﬁcient plasmids (compare Fig. 5C
and 3C). These results indicate that partitioning with the
Sop system occurs on both plasmids by recognizing the pres-
ence of other partition complexes assembled on sopC, and
by their subsequent positioning in reference to these par-
tition complexes. This also indicates that partition proteins
are unable to differentiate between the mini-F plasmid and
the co-resident low-copy number plasmid containing sopC,
as also observed with the mini-P1 Par+ sopC (see above).
Our imaging data revealed that themini-F and themini-
P1Δpar sopCplasmids arepositioned in a coordinated fashion
within the cell through the sopC centromere present on both
plasmids. Our results are fully compatible with the random
positioning model proposed by Ebersbach et al. (2005) as
theplasmidsareequi-positionedalong thecell length through
their partition complexes assembled on sopC. However, such
positioning does not explain the strong IncD phenotype, i.e.
the high amount of plasmid free cells (Fig. 5A, panels v and
vi) correlated with a higher-than-random loss rate (Bouet
et al., 2005). Indeed, random positioning (depicted Fig. 6A)
gives rise to 2/3 of new-born cells with both plasmids and
1/3 with mutual exclusion. This distribution should lead to
an impaired inheritance at a lower-than-random loss rate,
not with the observed higher-than-random loss rate.
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Fig. 5. Mini-F positioning in the presence of mini-P1 Δpar sopC. (A) A gallery of cells with dual ﬂuorescence imaging from strain DLT3248, performed and
displayed as in Fig. 2, is arranged according to the cell cycle progression from i to vi (smallest to longest cells). The mini-F positioning (blue arrow) is in-
dicated by the blue and yellow dual labeling while the position of mini-P1Δpar sopC+ (yellow arrow) is revealed by yellow-only foci. (B and C) Statistical
analyses of SopB-mVenus foci positioning in cells containing one focus (B) and two foci (C). B, right panel; percentage of cells with one yellow focus located
in the interval 0.35 to 0.5 relative to the cell length. The control experiment (gray bar) in the absence of sopC-carrying competitor plasmid refers to Fig. 2B.
Among the 462 cells analyzed, 48 and 205 have one or two mVenus clusters, respectively. Cells were grown in M9-glycerol with 0.3 or 3 μM IPTG.
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3.5. Hypothesis for higher-than-random loss rate
Our data clearly reveal that the partition process, mea-
sured here by the intracellular positioning of sopC-carrying
plasmids, is not directly responsible for the higher-than-
random loss rate. We suggest that the major factor in the
‘strong IncD’ phenotype couldbedue to the timingof plasmid
replication. It iswell known that replication andcopynumber
control of F and P1 plasmids are precisely regulated (Das
et al., 2005). However, their replication occurs randomly
rather than at a deﬁned time in the cell cycle (Helmstetter
et al., 1997; Prentki et al., 1977). In other words, these plas-
mids can replicate at any timewithaprobability of replication
that gradually increases as the cell cycle progresses. Both
plasmids thus have a signiﬁcant probability replicating late
in the cell cycle.Wepropose that late replicationeventswould
prevent random assortment of all sopC-carrying plasmid
copies (depicted in Fig. 6B). Each time one plasmid repli-
cates late, the newly replicated copies partition relative to
each other but would not have time to interact and remix
with the other centromere-carrying co-resident plasmids
before cell division. When the late replicating plasmid is
located near mid-cell (see example Fig. 5Aiii), i.e. a posi-
tioning that occurs 1/3of the time, segregationwouldprovide
daughter cells with one copy of each plasmid. However,
in 2/3 of the cases, late replication would occur on a side-
located plasmid and daughter cellswould inherit two copies
of the same plasmid. This scenariowould lead to a very high
level of mutual exclusion (much higher-than-random par-
tition).On theotherhand,plasmid replicationandsubsequent
segregation that occur earlier in the cell cycle (Fig. 6A)would
allow plasmid copies a suﬃcient amount of time to switch
positions, leading to random assortment and impaired in-
heritance (lower-than-randompartition).We thus propose
that the combination of randompositioning andmutual ex-
clusion, occurringwith early and late replication relative to
the cell-cycle, respectively, leads to the higher-than-
random frequency loss observed experimentally (Bouet et al.,
2005). This phenomenon is reinforced in the case of P1 and
F, as both plasmids could replicate late in the cell cycle
(Helmstetter et al., 1997; Prentki et al., 1977).
Late replication is expected to occur at the same fre-
quency in the presence of the mini-P1 Par+ sopC plasmid.
The absence of a higher-than-random loss rate in this con-
dition may be easily explained by two actions of the
F-independent but active ParABS system present on P1 by:
(i) speeding the initiation of segregation of the mini-P1 after
its replication, thus allowing more time for mixing all sopC-
carrying plasmids, and (ii) by-passing of the Sop-mediated
equi-positioning that limits mixing by eﬃciently segregat-
ing P1 copies toward opposite cell poles. Together, these two
effects allow for a more eﬃcient mixing of all sopC-carrying
plasmids and an increase in the relocation of mini-P1 Par+
sopC on either side of the cells, thus resulting in a non-
random assortment and leading to the only ‘slight incD’
incompatibility phenotype observed (our data; Bouet et al.,
2005).
4. Conclusions
Partition-mediated plasmid incompatibility is mecha-
nistically diverse depending on the component of the
partition system involved (Bouet et al., 2007). In the case
of centromere-based incompatibility (termed IncD in the
case of F plasmid), the mechanisms leading to incompati-
bility are also varied. Essentially it depends on the copy
number of the co-resident plasmid carrying the same cen-
tromere, but a clear picture was still missing.
Our present data unambiguously conﬁrm that titration
of the centromere-binding protein by excess centromeres
located on high-copy number plasmids triggers incompat-
ibility. We showed that SopB does not bind preferentially
to the F plasmid centromere, preventing the assembly of the
partition complex. This leads to a random positioning of the
mini-F plasmid and its subsequent loss at a random rate.
For incompatibility induced by extra centromere present
on a co-resident low-copy number plasmid, our ﬁndings
indicate that partitioning was still fully functional. We ob-
served that the mini-F and mini-P1 sopC plasmids are
positioned in relation to each other, in agreement with the
‘random positioning’ hypothesis proposed by Ebersbach et al.
(2005). Strikingly, in the case of a partition defective
2/3 1/3
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1/3 2/3
Higher-than-random 
Late replication eventsRandom positioningA B
Fig. 6. Model for higher-than-random plasmid loss when two indepen-
dent replicons carry the same partition system (or centromere). Schematic
representation of two low-copy number plasmids (red and green circles)
inside cells (blue oblongs), with one plasmid carrying the same centro-
mere sequence as the one encoded by the partition system present on the
other. For simplicity, in each case it is assumed that newborn cells con-
tained a single copy of each low-copy number plasmid. (A) Random
assortment of each replicon coupled with active partitioning and equi-
positioning leads to faithful inheritance in 2/3 of the cases. Only in 1/3 of
the cases will the daughter cells inherit the same replicon leading tomutual
exclusion. Overall, this results in impaired inheritance with a lower-than-
random loss rate. This model assumes that both plasmids replicate and
segregate in a time frame that is compatible with their subsequent and
coordinated positioning before cell division. (B) Higher-than-random
plasmid loss in the case of a late replication event. Replication of low-
copy number plasmids, such as F and P1, occurs at any time during the
cell-cycle. When one of these plasmids replicate late in the cell-cycle (here
the plasmid is represented by the green circle), the subsequent partition
between siblings occurs, but the mixing with the other plasmids in the
cell is prevented by cell-division. In this model, only mid-cell positioning
of the late replicating plasmid (in 1/3 of the case) leads to faithful inher-
itance, while polar positioning (2/3 of the case) leads to mutual exclusion.
Overall, late replication results in a much higher-than-random loss of plas-
mids. At the population level, replication of both plasmids occurs at any
time in the cell-cycle leading to a mix between ‘early’ and ‘late’ replica-
tion, i.e. resulting in impaired inheritance (A) and higher-than-random loss
(B), respectively, which taken together would provoke the observed higher-
than-random loss.
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low-copy number plasmid, we revealed that the ‘strong IncD’
phenotype observed in vivo was also not due to a default
in positioning, and therefore that the Sop-mediated parti-
tioning process was active. We suggest that the strong IncD
phenotype is due to late replication events that occur for
both P1 and F plasmids. Late replication prevents random
assortment of sopC-carrying plasmids and therefore increases
the level of mutual exclusion. In conclusion, our imaging data
provide a new and simple hypothesis for explaining the
major difference between mild and strong IncD pheno-
types imposed by the presence or absence of an active Par
system on low-copy number plasmids.
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